Anthocyanins are important plant pigments that fulfil many physiological and ecological functions. Anthocyanin biosynthesis is controlled by numerous regulatory factors at the transcriptional level. Jasmonates (JAs) has been shown to induce anthocyanin accumulation in several plant species, however, the molecular mechanism for JAregulated anthocyanin accumulation remains unknown. In this study, genetic, molecular, and physiological approaches were used to reveal the molecular basis of JA-regulated pigmentation in Arabidopsis. It was found that the F-box protein COI1 was required for JA-specific induced expression of the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT. It is further demonstrated that COI1 was essential for JA-induction of transcription factors PAP1, PAP2, and GL3. It is speculated that COI1 regulates the expression of the transcription factors, including PAP1, PAP2, and GL3, which mediates the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT, thereby modulating JA-induced anthocyanin biosynthesis in Arabidopsis.
Introduction
Anthocyanins, the most conspicuous class of flavonoids, are important plant pigments responsible for most of the red, pink, purple, and blue colours in plants (Grotewold, 2006) . They attract insects for pollination and seed dispersal, protect plant cells from UV irradiation, and act as antimicrobial agents and feeding deterrents against pathogens and herbivores (Harborne and Williams, 2000; Winkel-Shirley, 2001 ). Anthocyanins are synthesized by a branch of the flavonoid pathway, which is composed of a sequence of enzymatic steps, including chalcone synthase (CHS) for the synthesis of naringenin chalcone, chalcone isomerase (CHI) for the conversion of naringenin chalcone to naringenin, flavanone 3-hydroxylase (F3H) and flavonoid 3#-hydroxylase (F3#H) for the subsequent hydroxylations of naringenin, NADPH-dependent dihydroflavonol reductase (DFR) for the production of leucoanthocyanidins, leucoanthocyanidin dioxygenase (LDOX) for the conversion of leucoanthocyanidins to anthocyanidins, and UDP-Glc:flavonoid 3-Oglucosyltransferase (UF3GT) for the generation of glycosylated anthocyanidins (Holton and Cornish, 1995; Grotewold, 2006) . Accumulation of anthocyanins in plants is stimulated by diverse developmental signals, sugar and environmental stresses including UV light, high-intensity light, temperature, pathogen infection, wounding, drought, and nutrient deficiency (Kubasek et al., 1992; Batschauer et al., 1996; Weiss, 2000; Winkel-Shirley, 2002; Lepiniec et al., 2006; Solfanelli et al., 2006) . Plant hormones are also involved in the regulation of anthocyanin accumulation. Cytokinins have been shown to induce accumulation of anthocyanins in Arabidopsis, to modulate expression of CHS and DFR probably at the transcriptional level, and to regulate PAL1 and CHI posttranscriptionally (Deikman and Hammer, 1995) . Gibberellins (GAs) have been shown to be required for the induction of anthocyanin gene transcription and for the accumulation of the pigment in the developing corolla .
The regulation of anthocyanin biosynthesis involves numerous regulatory factors that control the expression of different anthocyanin biosynthetic genes in Arabidopsis (Nesi et al., 2000 (Nesi et al., , 2001 Winkel-Shirley, 2001; Wade et al., 2003; Gonzalez et al., 2008) . It has been shown previously that the Arabidopsis WD-repeat/Mybs/bHLH complex including transcription factors PAP1 (Myb75), PAP2 (Myb90), EGL3, GL3, and TTG1 predominantly regulate the expression of the 'late' anthocyanin biosynthetic genes including DFR, LDOX, and UF3GT over the expression of the 'early' anthocyanin biosynthetic genes such as PAL, CHS, CHI, and F3H (Gonzalez et al., 2008) . Some WD-repeat independent Mybs have been demonstrated to be regulators for the 'early' gene expression, such as Myb11, Myb12, and Myb111 (Mehrtens et al., 2005; Stracke et al., 2007) . F3#H may be dually regulated by WD-repeat-dependent and -independent mechanisms, consistent with its requirement in the production of both quercetin-based flavonols and cyanidin-based anthocyanins (Gonzalez et al., 2008) .
Jasmonates, which include jasmonic acid and its cyclopentane precursors as well as cyclopentenones (Reymond and Farmer, 1998) , are synthesized from the octadecanoid/ hexadecanoid pathways and widely distributed throughout the plant kingdom. They mediate plant responses to stress, wounding, insect attack, pathogen infection, and UV damage (McConn et al., 1997; Rao et al., 2000; Sasaki et al., 2001; Cheong and Choi, 2003; Howe, 2004; Wasternack, 2007) , and also regulate pollen development (Feys et al., 1994; McConn and Browse, 1996; Sanders et al., 2000) , plant senescence, and many other plant developmental processes (Browse, 2009) . Most of these JA responses are disrupted in the Arabidopsis mutant coronatine insensitive1 (coi1). The coi1-1 mutant, with the premature stop codon at W467, is defective in JA-regulated gene expression, exhibits male sterility, and shows susceptibility to insect attack and pathogen infection (Feys et al., 1994; Xie et al., 1998; Reymond et al., 2000) . The coi1-2 mutant, a leaky allele with mis-sense mutation L245F, is resistant to JA, but is partially fertile and able to produce a small quantity of seeds (Xu et al., 2002) . It has been demonstrated that the COI1 gene encodes a protein containing an F-box motif and 16 leucinerich repeats (LRRs) (Xie et al., 1998; Wang et al., 2005) and interacts with AtCUL1, AtRbx1, and either of the Arabidopsis Skp1-like proteins ASK1 or ASK2 to assemble the SCF COI1 complex (Xu et al., 2002) , which is assumed to regulate the abundance of the substrate proteins that may suppress a set of transcription factors and/or affect the expression of appropriate target genes essential for various JA responses. Recent studies show jasmonate ZIM-domain proteins (JAZs) are substrates of the SCF COI1 complex and act as negative regulators of jasmonate-responsive genes (Chini et al., 2007; Thines et al., 2007) . Moreover, jasmonoyl-isoleucine (JA-Ile) stimulates the binding of COI1 to JAZs and the COI1-JAZ complex is a reception site for JA-Ile and the bacterial virulence factor coronatine (COR) (Katsir et al., 2008) .
JA has also been shown to enhance pigmentation in plants (Franceschi and Grimes, 1991; Feys et al., 1994; Tamari et al., 1995) . However, the molecular mechanism for JA-regulated anthocyanin accumulation remains unknown. In this study, physiological and molecular evidence is presented to reveal that (i) JA-induced anthocyanin accumulation is primarily via up-regulation of the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT, and COI1 is essential for the JA-induced expression of these anthocyanin biosynthetic 'late' genes; (ii) the expression of anthocyanin biosynthetic regulators, PAP1, PAP2, and GL3 is significantly induced by JA, and COI1 is required for JA-induced PAP1, PAP2, and GL3 transcription. It is speculated that COI1 regulates the expression of the transcription factors, including PAP1, PAP2, and GL3, which mediates the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT, and thereby modulates JAinduced anthocyanin biosynthesis in Arabidopsis.
Materials and methods

Plant materials
The transport inhibitor response1-1 (tir1-1) mutant was kindly provided by Dr Mark Estelle (Ruegger et al., 1998) . The Arabidopsis T-DNA mutagenized Arabidopsis populations were obtained from the Arabidopsis Biological Resource Center (ABRC). The Arabidopsis mutants coi1-1 (Feys et al., 1994) and coi1-2 (Xu et al., 2002) were described previously.
Plant growth conditions
Seeds were routinely surface-sterilized, plated on Murashige and Skoog (MS) medium (Sigma, St Louis, MO, USA) supplemented with 1% sucrose, chilled at 4°C for 3 d, and then transferred to growth chambers under a 16/8 h 22-24/ 16-19°C light/dark photoperiod.
For anthocyanin measurement with seedlings grown on MS agar plates supplemented with various concentrations of methyl jasmonate (MeJA) (Aldrich, Milwaukee, WI, USA), 2,4-dichlorophenoxyacetic acid (2,4-D) (Sigma, St Louis, MO, USA), or 1-aminocyclopropane-1-carboxylic acid (ACC) (Sigma, St Louis, MO, USA), seedlings were grown for 11 d and then harvested for anthocyanin extraction. For RNA analysis with MeJA treatment, 3-week-old seedlings were drenched in solution containing 100 lM MeJA or water for 8 h in the day time, and then harvested for RNA isolation.
For 6-benzylaminopurine (6-BA) (Sigma, St Louis, MO, USA) treatment, seedlings for anthocyanin quantification were first grown on MS plates for 7 d and then transferred to fresh MS plates supplemented with or without 0.44 lM 6-BA for an additional 5 d. For RNA analysis with 6-BA treatment, seedlings were first grown on MS medium for 14 d and then transferred to MS medium supplemented with or without 0.44 lM 6-BA for an extra 11 d.
For experiments with seedlings cultured in liquid medium, seeds were surface-sterilized, chilled at 4°C for 3 d, transferred into sucrose-free half-strength MS liquid medium, grown for 3 d at 22°C under continuous light (90 lM photons m À2 ) with gentle swirling and then incubated for another 48 h with supplements of the indicated concentrations of sucrose, MeJA, 6-BA or 2,4-D in the liquid medium. The fresh tissues were harvested simultaneously for anthocyanin quantification and RNA isolation.
Anthocyanin measurement
Anthocyanin quantification was performed as described by Deikman and Hammer (1995) . The preweighed Arabidopsis seedlings were placed into 1 ml extraction buffer (18% 1-propanol, 1% HCl, and 81% water), boiled for 3 min and then incubated in darkness overnight at room temperature. Two absorbancies (A 535 and A 650 ) of the extracts were measured spectrophotometrically. The amount of anthocyanins was reported as (A 535 -A 650 ) g À1 fresh weight (FW). The experiment was repeated 3-5 times for each treatment.
Northern blotting and semi-quantitative RT-PCR
The total RNAs used in Northern blot analysis and semiquantitative RT-PCR were isolated with the TRIzol Reagent. The probe labelling and RNA gel blot hybridization were preformed according to the previously described procedures (Ren et al., 2005) . About 20 lg of total RNA for each sample was loaded in the Northern blot analysis.
For semi-quantitative RT-PCR, the procedures followed the manufacturer's instruction of the Reverse Transcriptase M-MLV (RNase H -) (TaKaRa Chemicals, Shiga, Japan) with 2 lg total RNA treated with DNase I (NEB, UK) used for each sample. The RT-PCR reactions were performed with certain cycles ensuring the amplifications within the linear range, and the amplified transcripts were detected by ethidium bromide (EB) staining on a 2% agarose gel.
The probes PAL, CHS, CHI, F3H, F3#H, DFR, LDOX, UF3GT, PAP1, PAP2, and 18S rRNA were amplified by RT-PCR with the gene-specific primers (PAL, 5#-CCGGTGTGAATGCTAGTAGTG-3#and 5#-AGCTT-TGGAATTGGGACGAC-3#; CHS, 5#-TTGGCTATTGG-CACTGCTAAC-3# and 5#-TTGACGGAAGGACGGA-GAC-3#; CHI, 5#-CCCGTTCTTCCGTGAAATAG-3# and 5#-TGGCTAGTTTTTCCTCAACAG-3#; F3H, 5#-ATGG-CAAGACATGGATTACG-3# and 5#-TACATCTCGG-CAAACGTG-3#; F3#H, 5#-ACGGCTTCACAAGAGAT TC-3# and 5#-CGCGATGTGTGGTAACGAG-3#; DFR, 5#-GCGCATTACTCGATCATAAGAC-3# and 5#-GGTT-ATCCCCGTTTCTGTCTTG-3#; LDOX, 5#-TTGGCTAA-CAACGCGAGTG-3# and 5#-ACAGCCCAAGAAATCC-TAAC-3#; UF3GT, 5#-GTGTTCTGCGCTTTCGGTAG-3# and 5#-AAAACCAGAGTCAGTCAAAACACA-3#; PAP1, 5#-TCGCCTTCATAGGCTTCTAG-3# and 5#-TTCTGT-TGTCGTCGCTTCAG-3#; PAP2, 5#-GAGGAAAGGTG-CATGGACTG-3# and 5#-ATCGCATCAGCTTCTTG GT-3#; 18S rRNA, 5#-ATGATAACTCGACGGATCGC-3# and 5#-CTTGGATGTGGTAGCCGTTT-3#). The semiquantitative RT-PCR was used to detect UF3GT expression in 6-BA and sucrose treatment with gene-specific primers (UF3GT, 5#-GTGTTCTGCGCTTTCGGTAG-3# and 5#-AAAACCAGAGTCAGTCAAAACACA-3#; actin, 5#-CAC CGCTTAACCCGAA-3# and 5#-GTGAGGTCACGACCA-G-3#; 18S rRNA, 5#-ATGATAACTCGACGGATCGC-3# and 5#-CTTGGATGTGGTAGCCGTTT-3#).
Real-time PCR analysis
Real-time PCR analyses were performed using the RealMasterMix (SYBR Green I) (Tiangen, Beijing, China) and the Mx3000P real-time PCR system (Stratagene, La Jolla, CA). After 3 min of denaturation at 95°C, PCR was performed at 95°C for 30 s, 55°C for 30 s, and 68°C for 60 s for 40 cycles. Expression of actin was used to serve as the control. The following primer pairs were used for target gene amplification: PAP1, 5#-TCGCCTTCATAGGCTTCTAG-3# and 5#-TTCTGTTGTCGTCGCTTCAG-3#; PAP2, 5#-GAGGAAAGGTGCATGGACTG-3# and 5#-ATCGCAT-CAGCTTCTTGGT-3#; GL3, 5#-CCTTCACCAATGTT-GAAGACG-3# and 5#-ATGTCTACCGGACAAAAC AG-3#; EGL3, 5#-AACGCTGAAACCGCCGATAGC-3# and 5#-TCTCTCCCAATGTTTTCACA-3#; TTG1, 5#-GTCATGAACCTCTTTATCAT-3# and 5#-ATGGA-TAATTCAGCTCCAGA-3#;
actin, 5#-CACCGCT-TAACCCGAA-3# and 5#-GTGAGGTCACGACCAG-3#.
Genetic screening and complementation of dfr1 mutant
The Arabidopsis T-DNA mutagenized seeds from ABRC were sterilized and sown on plant growth plates (MS medium supplemented with 1% sucrose) containing 25 lM MeJA, then the candidate mutants defective in anthocyanin pigmentation were isolated. The TAIL-PCR approach, according to a standard protocol, was performed to identify a T-DNA insertion within the DFR gene in the mutant dfr1.
For the complementation test, a 2300 bp genomic fragment containing the promoter and the entire coding region of the DFR gene was amplified from the wild-type plant (WS) using the primers: DFR-2F (5#-GGGGATC-CCAATTTTGTAATAAGAAACTCCTAA-3#) and DFR-2R (5#-GGGGATCCATACGTAAATAGGTTAATTCA-TACC-3#). The fragment was then subcloned into the binary vector pCambia1300. The construct was then verified by sequencing and introduced into Arabidopsis plants (WS) by the 'floral-dip' Agrobacterium tumefaciens-mediated transformation method (Clough and Bent, 1998) . Three independent transgenic lines exhibited a similar phenotype.
Results
Jasmonate-specific induction of anthocyanin accumulation
It has been observed that exogenous JA enhanced pigmentation in Arabidopsis (Feys et al., 1994) . Anthocyanin accumulation in 11-d-old wild-type Arabidopsis seedlings, grown on MS medium supplemented with various concentrations of MeJA (0, 10, and 25 lM) was analysed quantitatively here. Arabidopsis seedlings treated with MeJA (10 lM and 25 lM) presented marked purple pigmentation mostly at the junction of the hypocotyls and cotyledons, whereas no obvious anthocyanins were observed in seedlings without MeJA treatment ( Fig. 1A ; data not shown). Consistent with this observation, the anthocyanin amounts in seedlings treated with 10 lM and 25 lM MeJA were approximately 4-fold and 8-fold greater than that in seedlings without MeJA treatment, respectively (Fig. 1B) .
To exclude the possibility that JA-induced anthocyanin accumulation is a general stress response to hormone overexposure, anthocyanin accumulation of wild-type seedlings treated with the synthetic auxin 2,4-D and the ethylene precursor ACC were also examined. Seedlings grown for 11 d with 2,4-D (0.05 lM and 0.1 lM) or ACC (1 lM and 5 lM) did not produce visible pigmentation and significant anthocyanin increase (Fig. 1A, B ; data not shown) although these seedlings were obviously inhibited in growth (data not shown). So the JA-induced anthocyanin accumulation is a specific response to the JA signal rather than a general stress response to hormone overexposure.
COI1 is essential for DFR expression in JA-induced anthocyanin biosynthesis
To understand the molecular mechanism for JA-specific induction of anthocyanin accumulation, a genetic screen was carried out for mutants with deficient pigmentation upon MeJA treatment from a T-DNA mutagenized Arabidopsis population. One mutant was isolated that completely failed to accumulate anthocyanins in response to MeJA and produced yellowish seeds at maturation (Fig. 2A, B, C) . TAIL-PCR identified a T-DNA insertion within the second exon of the DFR gene 342 bp downstream of the ATG start codon in this dfr1 mutant (Fig. 2D) . Genetic transformation of a 2300 bp genomic fragment containing the DFR promoter and its entire coding region into the dfr1 mutant restored the wild-type-like phenotypes with the production of brown coat seeds and the accumulation of anthocyanins in response to MeJA (Fig. 2A, B, C) , suggesting that the T-DNA insertion within DFR is responsible for the phenotype of deficient pigmentation upon MeJA treatment in the dfr1 mutant.
DFR, which encodes a NADPH-dependent dihydroflavonol reductase, is a key gene in the anthocyanin biosynthesis pathway, and mutation in DFR causes deficient pigmentation (Shirley et al., 1995) . Having demonstrated that the T-DNA insertion in the DFR gene results in the loss of JA-induced anthocyanin accumulation, it was further examined whether the DFR expression was regulated by MeJA treatment. Northern analysis showed that the DFR transcripts were highly induced by MeJA in wild-type plants (Fig. 3C) . It was then investigated whether the DFR expression was dependent on COI1, and it was found that two COI1 mutant alleles, coi1-1 and coi1-2, were unable to accumulate anthocyanins in response to MeJA treatment (Fig. 3A, B) , and unable to accumulate DFR mRNAs, irrespective of whether MeJA was applied or not (Fig. 3C) . To exclude the possibility that the regulation of DFR by COI1 is a general function for other related F-box proteins, JA-induced anthocyanin production and DFR expression were examined in an auxin-insensitive mutant tir1-1, which defined a mutation in the F-box protein TIR1 sharing the similarity with the F-box protein COI1 (Ruegger et al., 1998; Xie et al., 1998; Dharmasiri et al., 2005; Kepinski and Leyser, 2005) . The tir1-1 mutant exhibited an accumulation of anthocyanin and an up-regulation of DFR expression in response to MeJA treatment (Fig. 3A, B, C) , suggesting that the accumulation of anthocyanin and the regulation of DFR are specifically modulated by COI1 instead of TIR1. Taken together, these data demonstrate that JA induces anthocyanin accumulation via COI1-regulated DFR expression.
COI1 is essential for the expression of the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT in JA-induced anthocyanin biosynthesis It was further investigated whether the expression of other anthocyanin biosynthetic genes was also JA-inducible and COI1-dependent. As shown in Fig. 3D , LDOX and UF3GT showed similar expression patterns to that of DFR. The expression of DFR, LDOX, and UF3GT, which were classified as the 'late' anthocyanin biosynthetic genes (Pelletier et al., 1997; Zhang et al., 2003; Gonzalez et al., 2008) , were all significantly induced by MeJA in wild-type plants but not in the coi1-1 mutant (Fig. 3D) . By contrast, the other anthocyanin biosynthetic genes such as PAL, CHS, CHI, F3H, and F3'H displayed similar expression patterns in both wild-type and coi1-1 plants, although some of which were induced by MeJA to different degrees (Fig. 3D) . These results demonstrate that the expression of the anthocyanin biosynthetic 'late' genes DFR, LDOX, and UF3GT is significantly induced by JA, and that COI1 is required for JA-induced expression of DFR, LDOX, and UF3GT.
COI1 is essential for the expression of the transcription factors PAP1, PAP2, and GL3 in JA-induced anthocyanin biosynthesis
Having demonstrated that COI1 was essential for the expression of the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT (Fig. 3C, D) , it was further investigated whether COI1 regulated the WD-repeat/Myb/ bHLH transcriptional complex including PAP1, PAP2, GL3, EGL3, and TTG1 using Northern blot and real-time PCR approaches. As shown in Fig. 3E , both PAP1 and PAP2 mRNAs were significantly induced by MeJA in wildtype plants but not in the coi1-1 mutant. The expression pattern of GL3 was similar to that of PAP1 and PAP2. The GL3 transcripts in the wild type were induced by MeJA about 3-fold, however, the coi1-1 mutant was unable to accumulate JA-induced GL3 transcripts although the basal level of GL3 expression was detectable by real-time PCR (Fig. 3F) . By contrast, it was found that the EGL3 and TTG1 expressions were not induced by MeJA (data not shown). These data demonstrate that the expression of PAP1, PAP2, and GL3 is significantly induced by JA, and that COI1 is required for JA-induced PAP1, PAP2, and GL3 transcriptions.
Mutation in COI1 is unable to abolish the cytokinin-and sugar-induced anthocyanin biosynthesis
Cytokinins are essential for plant development and also important in plant pigmentation. 6-BA, one kind of cytokinin, has been shown to stimulate anthocyanin accumulation in Arabidopsis (Deikman and Hammer, 1995) . To investigate whether COI1 is involved in cytokinin-induced anthocyanin accumulation, 7-d-old wild-type and coi1 seedlings were treated by transferring them on MS plates containing 0 lM and 0.44 lM 6-BA for an additional 5 d. 6-BA strongly induced anthocyanin accumulation in wild-type, coi1-1, and coi1-2 seedlings (Fig. 4A, B) although the amounts of anthocyanin accumulation in the coi1 mutants were slightly lower. Furthermore, the transcripts of DFR, LDOX, and UF3GT were all shown to be strongly induced by 6-BA in coi1-1 and wild-type plants although the transcripts were at a slightly lower levels in the coi1-1 mutant (Fig. 4C) . These results indicate that the mutation in COI1 is unable to disrupt the cytokinin-induced anthocyanin accumulation. The expression pattern of the WD-repeat/Mybs/bHLH transcriptional complex in wild-type plants was also detected under 6-BA treatment (Fig. 4D) . Transcription levels of EGL3, GL3, and PAP1 were significantly induced by 6-BA, which were similar to the 6-BA induced expression pattern of DFR, LDOX, and UF3GT. These results indicate that EGL3, GL3, and PAP1 might be involved in 6-BA-regulated DFR, LDOX, and UF3GT expression and anthocyanin accumulation.
Previous studies showed that sucrose was able specifically to induce anthocyanin accumulation in Arabidopsis (Solfanelli et al., 2006) . To test whether COI1 is involved in sugarinduced anthocyanin accumulation, 3-d-old wild-type and coi1-2 seedlings first grown in sucrose-free half-strength MS liquid medium were treated with 60 mM sucrose for an additional 48 h. As shown in Fig. 5A , anthocyanin pigmentations were significantly induced in both wild-type and coi1-2 mutant seedlings upon sucrose treatment. The anthocyanin contents in coi1-2 and wild type were similarly raised by approximately 7-fold when treated with 60 mM sucrose although the amounts in the coi1-2 mutant were slightly lower (Fig. 5B) . Correlated with anthocyanin accumulation, mRNAs of DFR, LDOX, and UF3GT were distinctly induced by sucrose in wild-type and coi1 seedlings although the transcripts were at a slightly lower level in coi1 plants (Fig. 5C, D) . These results indicate that the mutation in COI1 is unable to abolish the sucrose-induced anthocyanin accumulation.
Sugar is required for specific induction of anthocyanin biosynthesis by JA and cytokinin
When Arabidopsis wild-type seedlings were grown in the sucrose-free liquid medium, no anthocyanin pigmentations were accumulated, irrespective of whether MeJA and 6-BA were applied or not (Fig. 6A) . In the presence of sucrose, either MeJA or 6-BA was able significantly to enhance the anthocyanin pigmentations (Fig. 6A) . Quantitative analysis showed that treatment of sucrose combined with MeJA or 6-BA induced a much higher anthocyanin amount than sucrose treatment alone (Fig. 6B) . It was further found that DFR expression with sucrose treatment combined with MeJA or 6-BA was more induced than with just sucrose treatment (Fig. 6C) . However, whether MeJA or BA was applied or not, no DFR transcript was detected in seedlings grown in sucrose-free medium (Fig. 6C) . As a control experiment, anthocyanin accumulation and DFR expression were also analysed in seedlings grown in the liquid medium supplemented with 2,4-D. Consistent with previous results, the data shown here suggest that 2,4-D was unable to induce anthocyanin accumulation and DFR expression (Fig.  6B, C) . Taken together, these results demonstrate that the specific induction of anthocyanin biosynthesis and DFR expression by either JA or cytokinin are sugar-dependent.
Discussion
Specific induction of anthocyanin biosynthetic genes and their regulators by JA Controlled transcription of biosynthetic genes is one major mechanism regulating anthocyanin production in plant cells. Previous studies have shown that the expression of DFR, a key anthocyanin biosynthetic gene, was induced by various factors including light (Kubasek et al., 1992) , cytokinins (Deikman and Hammer, 1995) , and sucrose (Solfanelli et al., 2006) . In this study, it was found that JA regulated the expression of DFR, and thereby regulated anthocyanin accumulation. The DFR, LDOX, and UF3GT genes were previously classified as the 'late' anthocyanin biosynthetic genes (Pelletier et al., 1997; Zhang et al., 2003; Gonzalez et al., 2008) . These 'late' anthocyanin biosynthetic genes were strongly induced by JA in Arabidopsis (Fig. 3) . Other anthocyanin biosynthetic genes including PAL, CHS, CHI, F3H, and F3'H are also induced by JA, although the level of induction was relatively low (Fig. 3) . Moreover, it was shown that the expression of PAP1, PAP2, and GL3, three known transcription factors regulating the anthocyanin biosynthetic genes (Borevits et al., 2000; Tohge et al., 2005; Gonzalez et al., 2008) , was also activated in wild-type plants by JA (Fig. 3) . Taken together, our results suggest that JAinduced anthocyanin accumulation is probably mediated by up-regulation of the transcription factors including PAP1, PAP2, and GL3, which might further up-regulate the DFR, LDOX, and UF3GT that control the last few anthocyanin biosynthetic steps.
COI1-dependent expression of DFR, LDOX, and UF3GT in JA-induced anthocyanin accumulation
It was previously demonstrated that the Arabidopsis COI1 gene was required for JA-regulated plant defence and fertility (Xie et al., 1998) . The data here showed that the expression of DFR, LDOX, and UF3GT, irrespective of whether MeJA was applied or not, were all abolished in coi1 mutants, suggesting that COI1 serves as a vital regulator of the anthocyanin biosynthetic 'late' genes DFR, LDOX, and UF3GT in JA-induced anthocyanin accumulation (Fig. 3) . Previous microarray analysis showed that the JA-induced transcription of PAL, CHS, DFR, and LDOX was dependent on COI1 (Devoto et al., 2005) . However, a Northern blot approach was used and it was found that PAL and CHS exhibited a similar expression pattern in the wild type and the coi1-1 mutants (Fig. 3D) . Overall, our data demonstrate that COI1 regulates the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT in JA-induced anthocyanin accumulation.
COI1-dependent expression of PAP1, PAP2, and GL3 in JA-induced anthocyanin accumulation Anthocyanin biosynthesis is subject to fine temporal and spatial control involving several levels of regulation, such as the transcriptional or post-translational regulation (Mol et al., 1998; Burbulis and Winkel-Shirley, 1999; WinkelShirley, 2001 ). In all higher plants studied to date, the anthocyanin pigment pathway is regulated by a suite of transcription factors that include WD-repeat/Myb/bHLH complex. In maize, the Lc and C1 genes, which encode WDrepeat dependent Myb and bHLH proteins, respectively, control expression of all the anthocyanin biosynthetic genes (Dooner et al., 1991; Quattrocchio et al., 1993; Mol et al., 1998) . In Arabidopsis, a WD-repeat/Myb/bHLH complex including transcription factors PAP1, PAP2, GL3, EGL3, and TTG1, predominantly regulates the 'late' anthocyanin biosynthetic genes over the 'early' anthocyanin biosynthetic genes (Gonzalez et al., 2008) . In Arabidopsis, the ectopic expression of Myb transcription factors PAP1 and PAP2 results in an enhanced expression of the anthocyanin biosynthetic genes PAL, CHS, and DFR, but the increases in expression of the 'early' structural genes are more modest compared with the 'late' genes (Borevits et al., 2000; Tohge et al., 2005) . Meanwhile, reduced Myb expression results in a reduction of the 'late' genes expression from the beginning with F3'H in Arabidopsis (Gonzalez et al., 2008) . So PAP1 and PAP2 mainly regulate the 'late' steps of anthocyanin biosynthesis. The bHLH anthocyanin biosynthetic regulators glabra3 (GL3) and enhancer of glabra3 (EGL3) also control the expression of the 'late' flavonoid pathway genes in Arabidopsis (Zhang et al., 2003; Gonzalez et al., 2008) . The expression of the 'late' anthocyanin biosynthetic genes such as DFR and LDOX is nearly off or undetectable in ttg1 mutants, whereas the expression of the 'early' anthocyanin biosynthetic genes including CHS, CHI, and F3H is not affected in the same mutant (Pelletier and Shirley, 1996; Pelletier et al., 1997; Zhang et al., 2003; Gonzalez et al., 2008) .
Having demonstrated that COI1 was essential for the expression of the 'late' anthocyanin biosynthetic genes DFR, LDOX, and UF3GT in JA-induced anthocyanin biosynthesis, it is further shown that JA strongly induced expression of two Myb transcription factors, PAP1 and PAP2, as well as one bHLH transcription factor GL3, and that the JA induction of these transcription factors was severely impaired in coi1-1 mutant (Fig. 3E, F) . It is speculated that COI1 controls the expression of DFR, LDOX, and UF3GT via regulation of transcription regulators including PAP1, PAP2, and GL3.
MYC2, a nuclear-localized bHLH transcription factor, is a key transcriptional regulator of jasmonate responses (Lorenzo et al., 2004; Dombrecht et al., 2007) and negatively regulated by JAZ3, a substrate of SCF COI1 complex (Chini et al., 2007) . In our study, the atmyc2-2 mutant (SALK_083483) and wild-type plants both showed JA-induced anthocyanin accumulation and DFR expression, although the amounts of anthocyanin accumulation were at a slightly lower level in atmyc2-2 mutants, suggesting that MYC2 has no significant effect on JA-induced anthocyanin accumulation (data not shown). It is worth exploring whether other transcription factors, together with PAP1, PAP2, and GL3, regulate anthocyanin biosynthetic genes in JA-induced anthocyanin accumulation.
Requirement of sugar in anthocyanin biosynthesis induced by JA
Both sugar and hormones play important roles in the regulation of the anthocyanin pathway (Deikman and Hammer, 1995; Weiss, 2000; Solfanelli et al., 2006) . Sugar in anthocyanin metabolism may be multi-functional: they can act as an energy source, as precursors for metabolic processes, and as a signalling molecule (Moalem-Beno et al., 1997; Neta-Sharir et al., 2000) . In our experiment, Arabidopsis seedlings grown in sucrose-free medium were deficient in anthocyanin accumulation and DFR expression, irrespective of whether MeJA was applied or not (Fig. 6 ), indicating that sugar may first act as the source components in anthocyanin biosynthesis mediated by JA.
Sugar and hormone signalling interplay to modulate many vital processes during plant growth and development Northern analysis for DFR in plants described in (A). Hybridization of the 18S rRNA probe was used as a loading control (middle panel), whereas EB staining of rRNA could not serve as the loading control since the equal amounts of RNAs from sugar-treated and non-sugar-treated tissues exhibited different sensitivity to EB staining (bottom panel). (Leon and Sheen, 2003) . One of the mechanisms for these interactions is the sharing of components between the response pathways. As signal molecules, both JA (Fig. 3) and sucrose (Solfanelli et al., 2006) served as the most efficient trigger of the anthocyanin biosynthetic 'late' steps (starting from DFR), indicating that some common regulatory factors that regulate these steps may be involved in JA-and sucrose-mediated anthocyanin accumulation. As sucrose was able to induce anthocyanin and DFR transcript accumulation in coi1-2 mutant plants cultured in liquid medium (Fig. 5) , it is speculated that the probable common regulatory factors would act downstream of COI1 so that sucrose is able to regulate these factors and mediate anthocyanin biosynthesis independently of COI1. It is worth generating an EMS-mutagenized coi1-2 population, which would be used in a genetic screen for repressor mutants with anthocyanin pigmentation on sucrose-containing MS agar plates supplemented with JA. Identification of novel repressor regulators would improve understanding of the mechanism for COI1-regulated anthocyanin accumulation and for the possible interactions between sucrose and the JA signalling pathways.
